This experiment investigated the effects of dietary glucose oxidase (GOD) and its combination with B. amyloliquefaciens SC06 (BaSC06) on the growth performance, meat quality, intestinal physical barrier, antioxidative status and immunity of male Lingnan yellow-feathered broilers. A total of 720 1-dold broilers were assigned into 4 treatments with 6 replicates per treatment (30 birds per replicate): (1) basal diet (Ctr), (2) basal diet with 200 mg/kg enramycin (ER), (3) basal diet with 75 U/kg GOD, and (4) GOD diet (75U/kg) supplemented with 1 × 10 5 colony-forming units BaSC06/kg feed (GB), for an experimental duration of 52 d. The results showed that there were no significant effects of GOD or GB on growth performance of birds. The shear force and drip loss of breast muscle of birds fed GOD and GB were less than those fed ER, while the shear force in GB significantly decreased compared to Ctr. Also, both GOD and GB treatment increased about 1-fold expression of ZO-1, Claudin-1, Occludin, and MUC-2 genes in jejunal mucosa compared to Ctr, no difference was found between GOD and GB. Compared to Ctr, serum total antioxidant capability and glutathione peroxidase in GOD and GB increased, while the malondialdehyde level and xanthine oxidase activity significantly decreased. Both GOD and GB treatments reduced the relative level of HO-1, p53, and BAX transcripts in liver. It is worth noting that GB decreased transcription of p53 and Bcl-2 by 76.11% and 50.19% compared to GOD, respectively. In addition, compared to Ctr, GOD and GB markedly increased serum IL-2 content by 110% and 182%, while decreased IFN-γ by 43.57% and 57.51%, respectively. The highest sIgA level in GB was found among four groups. In conclusion, dietary treatment with GOD and its combination with BaSC06 both had beneficial effects on shear force and drip loss, expression of intestinal tight junctions, antioxidative capacity and immune function. It is suggested that GB had better effect than GOD on anti-apoptosis.
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INTRODUCTION
Antibiotics have played a pivotal role in the development and booming of the poultry industry since they were first discovered in the 1920s (Yadav et al., 2016) . However, a series of problems have arisen with the continued use of antibiotics, such as the emergence C 2018 Poultry Science Association Inc. Received January 24, 2018. Accepted July 26, 2018. 1 Corresponding author: jsqun3100@sohu.com, wfli@zju.edu.cn of drug-resistant bacteria, drug residues in the birds, and an imbalance of gut microbiota (Patey 2000; Sorum, 2001) . Increasing consumer awareness of health issues, food safety and the requirement for antibioticfree poultry production have prompted the ban of antibiotics in European Union countries. Similarly, antibiotic use in livestock and poultry feeds is under tight scrutiny in the USA. Hence, non-antimicrobial products are essential as an alternative to antibiotic growth promoters (AGPs) to ensure animal health and performance without compromising human health (Francois et al., 2016; Gheisari et al., 2017) , including 3540 feed enzymes (Stefanello et al., 2017) and probiotics (Lei et al., 2015) , etc.
Glucose oxidase (GOD) is an aerobic dehydrogenase, which specifically catalyzes the oxidation of β-D-glucose to gluconic acid and hydrogen peroxide (Bankar et al., 2009) . The enzyme has been widely used in the feed production industry, because it has been verified that GOD has effects on bacteriostasis (Zhao et al., 2014) , growth-promotion (Tang et al., 2016) , immunity (Cui et al., 2015) , and digestion, and it is non-toxic, lowresidue, and difficult to arise resistance (Chen 2017) . However, intestinal health is a major topic for research, not only for humans, but also for animals. Anything that influences the health of intestinal will undoubtedly affect the animal as a whole (Choct 2009 ). However, a great number of intestinal dysfunction is increasingly being recognized in animal husbandry, including stress ulcers, bacterial translocation, increased intestinal permeability, etc. (Soderholm et al., 2001 ). As we all know, the intestinal barrier is important in the pathogenesis of various diseases. However, there is little experimental research about the effect of GOD on meat quality and intestinal barrier function of broilers.
Bacillus amyloliquefaciens is a potent Bacillus species, which can produce various extracellular enzymes, such as β-amylases, cellulase, metalloproteases, and proteases that can enhance digestibility, absorption of nutrients and immune function of the gut (Kaczmarek et al., 2014; Stefanello et al., 2017) . The strain Bacillus amyloliquefaciens SC06 (BaSC06) was isolated from soil and deposited in the China Center for Type Culture Collection. Previous studies in our laboratory have shown that BaSC06 can prevent bacterial translocation, ETEC-induced pro-inflammatory responses and diarrhea or even induce autophagy to protect against pathogens (Ji et al., 2013a,b; Wu et al., 2017) . It was hypothezed that the combination of GOD and BaSC06 might have a synergistic effect that could result in better gut health and overall broiler performance. The objective of the current experiment was to evaluate the effect of GOD and its combination with BaSC06 on growth performance, meat quality, intestinal barrier function, antioxidative status, and immunity of Chinese yellow-feathered broilers.
MATERIALS AND METHODS
All procedures of this study were coincided with the Chinese guidelines for animal welfare and were approved by the Zhejiang University Institutional Animal Care and Use Committee.
Probiotics and GOD Preparation
B. amyloliquefaciens SC06, deposited in China Center for Type Culture Collection (CCTCC No. M 2,012,280), was isolated and maintained in-house. Bacteria were cultured in the Luria-Bertani broth at 37
• C for 12 h, and cells were collected after centrifugation at 5,000 rpm for 15 min at 4
• C. Thereafter, these cells were washed twice with sterile phosphate-buffered saline (PBS, pH 7.2). Finally, their purity and identification were constantly checked by the spreading plate method (Nikoskelainen et al., 2003) . GOD (5,000 U/g) was presented from Feed Science Institute, Chinese Academy of Agricultural Sciences (Beijing, P.R. China).
Chickens, Diet, and Management
All procedures were approved by the Animal Welfare Committee of Guangdong Academy of Agricultural Sciences, P. R. China. A total of 720 1-d-old male Lingnan Yellow broilers were randomly allotted to a total of 24 floor pens, with 1 feeder and 1 drinker in each pen; the total weight of 30 chicks per pen was equivalent. The birds of 4 treatment groups each consisted of 6 replicates with 30 chickens per replicate. The birds were allowed ad libitum access to water and mashed diets throughout (d 1 to 52). Daylight was eliminated during this study, and 18-h lighting was provided from incandescent bulbs. The temperature of the room was kept at 32 to 34
• C for the first 3 d and then decreased by 2 to 3
• C per week for 3 wk to a final temperature of 26 • C. There was no remarkable difference in the original average body weight (41.27 ± 0.45 g) in these groups. The control group was fed the basal diet and the treatment groups received the same basal diets supplemented with 200 mg/kg enramycin (ER), 75 U/kg GOD, or the combination of 75 U/kg GOD and BaSC06 powder (1 × 10 9 cfu/g, GB). The compositions of the basal diets and their nutrient contents (Table 1) for the starter (1 to 21 d) and grower (22 to 52 d) phases were formulated to meet nutrient requirements of Chinese yellow-feathered broilers (Ministry of Agriculture of P. R. China, 2004). Feed consumption was recorded every 3 d and body weight was recorded on days 1, 21, and 52. Mortality was checked daily, and dead birds were weighed in order to adjust estimates of gain, intake, and feed conversion ratio.
Sample Collection
At 52 d of age, birds were deprived of feed overnight. Two birds per pen, excluding obvious outliers in body weight, were chosen randomly, weighed, and heparinized blood samples were collected from the wing vein; plasma was obtained by centrifugation at 1,000 × g for 15 min at 4
• C. The birds were electrically stunned, exsanguinated, and scalded to enable determining carcass characteristics and to collect tissues. The up-jejunum wall were fixed in 2.5% glutaraldehyde (pH 7.4) and mucosa of other jejunum segments was gently scraped, along with liver, snap frozen, and stored at −80
• C for qPCR. Then, the immune organs (the spleen, thymus, and bursa of Fabricius) were rinsed, blotted, and weighed. Breast muscles, including pectoralis major and minor, left side, were sampled at a constant location, free of obvious connective tissues, were sealed in plastic bags, and were refrigerated at 4
• C for up to 24 h for the analysis of meat quality.
Meat Quality Measurement
At 45 min and 24 h after slaughter, meat color (a * = redness; b * = yellowness; L * = lightness) was measured by a chroma meter (CR-410, Minolta Co., Ltd., Suita-shi, Osaka, Japan) and pH was measured. The breast muscles were refrigerated overnight at 4
• C and then brought to room temperature before cooking. Finally, shear force of cooked breast muscle was measured by using an Instron Universal Mechanical Machine (Instron model 4411, Instron Corp, Canton, MA) (Jiang et al., 2007) . Water-holding capacity was estimated by determining expressible juice using a modification of the filter paper press method described by Wierbicki and Deatherage (1958) , which is assessed in terms of drip loss. Briefly, a raw meat sample weighing about 1,000 mg was placed between 18 pieces of 11-cmdiameter filter paper and pressed at 35 kg for 5 min. Expressed juice was defined as the loss in weight after pressing and presented as a percentage of the initial weight of the original sample (Bouton et al., 1971) .
Transmission Electron Micrography
Tissue samples were fixed in 2.5% glutaraldehyde in phosphate buffer (pH 7.4) at 4
• C for 4 h and post-fixed in a mixture (1:1 vol/vol) for 2 h of 1% cold osmium tetroxide and 3% potassium ferrocyanide giving a final concentration of 0.5 and 1.5%, respectively. Tissue was rapidly dehydrated through an ascending series of ethanol and transferred to a 1:1 mixture of propylene oxide and epoxy araldite. Semi-thin sections (1 μm) were initially cut at the microtome (0.5 μm of thickness), stained with toluidine blue, and viewed with light microscopy to select suitable areas for electron microscopy. Ultrathin sections (60 to 100 nm) were cut with a glass knife in an LKB microtome, and stained with uranyl acetate followed by lead citrate (Hayat 1986; Okle et al., 2016) . These sections were examined by TEM (JEOL 100cx, Peabody, MA) operating at 80 kV (Okle et al., 2016) .
Biochemical Analyses and Enzyme Analysis
Frozen liver and jejunal mucosa were homogenized on ice in 3 mL of 0.9% physiological saline (pH 7.0), and then the homogenate was centrifuged at 5,000 × g for 15 min at 4
• C and the supernatant was stored at −80
• C. Activities of total antioxidative capacity (T-AOC), glutathione peroxidase (GSH-PX), xanthine oxidase (XOD), total superoxide dismutase (T-SOD), glutathione S-transferase (GST-ST), catalase (CAT), Na + K + adenosine triphosphatase (ATPase), and contents of malondialdehyde (MDA) were measured. In addition, the plasma contents of uric acid (UA), activities of alkaline phosphatase (AKP), diamine oxidase (DAO), alanine aminotransferase (ALT), and aspartate transaminase (AST) were measured using colorimetric methods with a spectrophotometer (Biomate 5, Thermo Electron Corporation, Pochester, NY, USA). The assays were conducted using the assay kits (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China).
ELISA
The contents of secretory immunoglobulin A (sIgA), interleukin (IL)-10, transforming growth factor (TGF)-β, IL-2, and interferon (IFN)-γ in plasma were determined colorimetrically by enzyme-linked immunosorbent assay (ELISA) kits (eBioscience, San Diego, CA) according to instructions. Briefly, serum samples were pipetted into wells coated with antibodies specific for sIgA, IL-10, TGF-β, IL-2, and IFN-γ. After incubation, biotinylated monoclonal secondary antibiotics were added, followed by streptavidin-peroxidase. After incubation and washing, the bound cytokines were visualized by developing the peroxidase reaction through the addition of H 2 O 2 and the absorbency of each well was determined by SpectraMax M5 (MD, USA) . 
Total RNA Extraction and Quantitative Real-time PCR
Liver tissues and intestinal mucosa were used for RNA extraction. RNA was extracted using RNAiso Plus method (Takara, Dalian, China) according to the instructions of the manufacturer. Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using M-MLV reverse transcriptase (TaKaRa, Dalian, China). Transcriptional changes were then identified by quantitative PCR (qPCR), which was performed using the Premix Ex Taq with SYBR Green (TaKaRa, Dalian, China) and the ABI 7500 Fast Real-Time PCR system (Applied Biosystems, Carlsbad, CA, USA). The thermocycle protocol lasted for 30 s at 95
• C, followed by 40 cycles of 5 s denaturation at 95
• C, 34 s annealing/extension at 60
• C, and then a final melting curve analysis to monitor purity of the PCR product. Primer sequences were shown in Table 2 . The 2 −ΔΔCt method was used to estimate mRNA abundance. ΔCt is Ct, target−Ct, reference and ΔΔCt is ΔCt, treatment−ΔCt, control (Lei et al., 2015) . Relative gene expression levels were normalized to those of the eukaryotic reference gene β-actin.
Statistical Analysis
The qPCR data were expressed as mean ± SEM. Statistical significance was determined using two-tailed Student's t-tests with GraphPad Prism (San Diego, CA). Values of P less than 0.05 were considered to be statistically significant. The other effects of dietary treatments were examined by one-way analysis of variance (ANOVA) using IBM SPSS 22.0 and expressed as means with SEM derived from the ANOVA error mean square. Differences between means were examined through Tukey's multiple range tests using P < 0.05.
RESULTS

Growth Performance and Immune Organ Indices
The effect of dietary GOD and GB supplementation on the growth performance was shown in Table 3 . There were no significant effects of GOD and GB on body weight (BW), feed intake (ADFI), body weight gain (ADG), feed/gain ratio (F: G) and mortality in each period, compared with either Ctr or ER. There was also no difference among treatments in indices (organ weight: body weight) of spleen, thymus, and bursa of Fabricius (Table 4) .
Meat Quality of Chickens
The results of meat quality of breast muscle were shown in Table 5 . The shear force of breast muscles in GB was significantly lower than other three groups. There was no significant difference for the drip loss at 24 h among GOD, GB, and Ctr (P > 0.05), which was significantly increased (P < 0.01) by the ER treatment. The pH value at 45 min in GB was lower than other three groups. There was no difference for other meat quality parameters, including meat color and pH value at 24 h.
Cytokines and Biochemical Indices in Plasma
Compared to Ctr, the serum IL-2 level in both GOD and GB markedly increased by 110% and 182%, IFN-γ decreased by 43.57% and 57.51%, respectively, whereas Table 3 . Effect of GOD and GB on growth performance of Chinese yellow-feathered broilers (mean ± SEM, n = 6). IL-10 (P < 0.05) in GB decreased by 54.62% compared to ER. The serum IL-10 level in GB was less than GOD. sIgA in GB was higher than other three groups (Table 6) .
Compared to Ctr, AKP activity in GOD and GB decreased by 48.63% (P < 0.01) and 30.68%, respectively. No differences were observed in the serum UA content and the activities of DAO, ALT, and AST.
Antioxidant-related Parameters in Liver
Antioxidant parameters in liver were shown in Table 7 . Compared to the Ctr, GB significantly increased hepatic T-AOC (P < 0.01), and GOD increased GSH-Px activity (P < 0.05), whereas the MDA level and XOD activity in GOD and GB significantly decreased (P < 0.01). T-AOC and XOD activity in the Table 6 . Effects of GOD and GB on cytokine and biochemical parameters in serum of broilers (mean ± SEM, n = 12 per treatment). Table 7 . Antioxidant parameters in liver of broilers (mean ± SEM, n = 12 per treatment). ER was higher than GOD and GB groups (P < 0.01). There was no significant difference for four parameters mentioned above between GOD and GB.
Antioxidant-related Gene Expression in Liver
Compared to the Ctr, GOD markedly reduced the relative transcript level of HO-1 (P < 0.05), p53 (P < 0.05), and BAX (P < 0.01), GB also significantly decreased the expression of p53, BAX, and Bcl-2. The level of p53 and Bcl-2 transcripts in GB were lower (P < 0.01) than GOD (Figure 1 ). p53 and BAX expression in ER was significantly decreased in comparison to Ctr, and no significant difference was found among GOD, GB and ER groups.
Expression of Genes Related to Intestinal Tight Junctions
As shown in Figure 2 , the significant increased level of ZO-1, CLDN, OCLN, and MUC-2 transcripts in jejunum were observed in GOD (P < 0.05) and GB (P < 0.01) compared to the Ctr. The relative expression of ZO-1 (P < 0.01) in GB was more markedly up-regulated 1.5-fold than in ER. However, no dif- ference (P > 0.05) existed between GOD and GB treatments.
Transmission Electron Micrograph
TEM of the jejunum in broilers at 52 d of age showed normal arrangement of microvilli. Furthermore, in GB and ER group, longer tight junctions (TJ), thicker adhesive tapes (AB), and desmosomes (D) were observed compared to Ctr, no difference was found in GOD group. These together suggested that treatment with GOD or GB didn't affect the normal morphology of jejunum, and supplemented with GB enhanced intercellular connectivity, including tight junction, adhesive tape and desmosome ( Figure 3) .
DISCUSSION
Growth Performance, Meat Quality, and Immune Organ Indices
There was no effect of supplementing with GOD and its combination with BaSC06 (GOD and GB treatments) on growth performance of yellow-feathered broilers. Many studies have shown that GOD could stimulate the growth response of chickens (Pang et al., 2013; Tang et al., 2016) , pigs , and ducks (Tang et al., 2015) . Others have noted the importance of the dose of Bacillus amyloliquefaciens when used as an alternative to AGPs (Ahmed et al., 2014; Lei et al., 2015) . Such disparities might be mainly due to the difference in supplemental levels of GOD and BaSC06, feeding environment and broiler breed, etc. There is a close relationship between the relative weights of immune organs such as thymus and bursa with the function of immune system in birds (Ifrah et al., 2017) . At 52 d, relative weight of the immune organs was unchanged, indicating that adding GOD and GB has no negative effect on the development of the immune organ of Chinese yellow-feathered broilers between 1 and 52 d of age.
pH, shear force, drip loss, and color are important indexes for evaluating the meat quality of broilers. The average pH at 45 min of breast meat from the GB treatment was lower than in other treatments, but higher pH was found by Sun et al. (2014) when GOD and selenium yeast were added to broiler diets. Warriss et al. (1988) found that holding broilers for more than 1 h prior to slaughter resulted in higher breast pH due to the effects of glycogen muscle depletion. It is implied that GB might increase the degradation of glycogen in 45 min. In addition, breast meat from GB treatments had lower shear force, indicating improved tenderness. In addition, the higher water-holding capacity is very important for the physical form, flavor and color of meat. Our study showed that drip loss in GB was lower than ER. The improvement of the water-holding capacity of muscle might be related to the increased antioxidant capacity (Zhuang, 2007) . The current study illustrated that L * value at 24 h, another variable related to meat quality, was lower for GOD than in other treatments. It can be concluded that dietary supplementation with GOD or GB, to some extent, improved the meat quality of yellow-feathered broilers.
Poultry can generate cytokines inside their bodies, which can influence the immune system. Cytokines are of importance within the innate immune system (Wilson et al., 2017) . Activated T cells can secrete IL-2, and there is a tight relation between IL-2 and the maturity and proliferation of T cells (Bonham et al., 2002) . Also, IFN-γ can stimulate expression of other cytokines that activate and induce the proliferation of CD4 + cells (Seder, 1994) . Therefore, IFN-γ plays a critical role in the cell-mediated immune response (Rudulier et al., 2014) . Both IL-2 and IFN-γ are produced by Th1 lymphocytes, enhancing cellmediated immunity. The Th1 cells activate other T lymphocytes, especially those with cytotoxic functions and macrophages (Wu et al., 2013) . In the present study, treatment with GOD or GB, markedly increased serum IL-2 and decreased IFN-γ. These results indicated that the cell-mediated immune response was enhanced and inflammation was reduced by GOD or GB treatment. Immune status may be reflected in immunoglobulin concentrations in blood, for example, IgM, IgG (IgY in birds), and IgA, the main immunoglobulins protecting against pathogenic microorganisms (Ren et al., 2016; Herich, 2017) . Dimeric IgA, known as sIgA, is most important in serous secretions and has immuno-protective function at the mucosal level (Curtis, 2017) ; a small fraction of sIgA appears in blood. Treatment with GB resulted in higher sIgA level than the other groups (Ctr, GOD, and ER), indicating that the combination of GOD and BaSC06 enhanced immune function of broilers more than GOD alone.
No difference was found in the activity of DAO, ALT, and AST at 52 d when compared to the Ctr and ER treatments. Phosphorus includes inorganic and organic phosphorus; the content inorganic phosphorus and the activity of AKP in blood are the essential indicators for assessing adequacy of phosphorus (Manning, 1971) . Skalicka et al. (2000) found that aflatoxin B1 increased serum alkaline phosphataseactivity of broiler chicks. The activity of AKP was reduced here in GOD group indicating that lower activity of AKP represents a health status of broilers.
Antioxidant-related Gene Expression in Liver
The relative expression in liver of HO-1, p53, BAX, and Bcl-2 was measured to investigate possible antioxidant mechanisms of GOD and GB. The induction of HO-1 can be an adaptive response to oxidative injury, conferring the increased cell resistance (Martin et al., 2004) . Treatment with GOD significantly decreased HO-1 gene expression in this study and both GOD and GB reduced gene expression of p-53 and BAX. A previous study reported that BaSC06 had antioxidant capacity and could act as a potential prophylactic nutrient additive protecting porcine intestinal cells from oxidative stress. Interestingly, GOD combination with BaSC06 here reduced the transcription of p53 and Bcl-2 more markedly than did GOD alone, indicating a better effect on antioxidant activity and anti-apoptosis.
Plasma and Liver Antioxidant and Immunity Indices
In the poultry industry, various stressful conditions enhance the production of free radicals and restrict the growth performance of chickens Bai et al., 2017) . The antioxidant system is composed of natural and synthetic anti-oxidative enzymes (Hu et al., 2016) . T-AOC and GSH-Px are the most important. Xanthine oxidase and the metabolite MDA are associated with lipid peroxidation and avian stress (Delles et al., 2014) . In addition, MDA interacts with free amino residues of proteins, phospholipids and nucleic acids, causing structural modification and inducing dysfunction of the immune system (Gueraud et al., 2010) ; it is a widely used as the indicator of oxidative stress (Woo et al., 2006) . Supplementation with GOD had a beneficial effect on the anti-oxidative capacity and immunity in broilers (Song et al., 2010a) . The present findings are consistent with our results that the hepatic activities of GSH-Px and T-AOC were markedly increased by GOD and GB treatments. The decreased MDA content and XOD activity in liver in both treatments (GOD and GB) was observed, indicating that GOD or GOD combined with BaSC06 enhanced the antioxidant capacity of the broilers.
Intestinal Morphology and Gene Expression of Tight Junction
Weaned piglets fed diets supplemented with 200 g/t GOD, had increased duodenal villus height . In this study, GOD and GB had positive effects on tight junctions or microvillus length, width and density.
Tight junction is an essential component of intestinal mucosal barriers, providing for paracellular permeability (Ballard et al., 1995; Kucharzik et al., 2001) . They comprise several unique proteins, such as CLDN, OCLN, ZO-1, and MUC-2. In this study, relative abundances of jejunal transcripts of ZO-1, CLDN, OCLN, and MUC-2 increased in GOD and GB group. It is indicated that GOD or GB could improve intestinal physical barrier of broilers.
In conclusion, diets supplemented with GOD and GB had beneficial effects on meat quality, anti-oxidative capacity, immunity, and intestinal health of broilers. The combination of GOD and BaSC06 showed better effect on anti-oxidative capacity and immune function than GOD alone. These findings provide a basis for the popularization and application of these biological agents as legitimate substitutes for antibiotics in broiler feeds.
